We developed a rodent crista slice to investigate regional variations in 27 electrophysiological properties of vestibular afferent terminals. Thin, transverse slices of the 28 gerbil crista ampullaris were made and electrical properties of calyx terminals in central zones 29
gerbil crista ampullaris were made and electrical properties of calyx terminals in central zones 29
(CZ) and peripheral zones (PZ) compared using whole cell patch clamp. Spontaneous action 30 potential firing was observed in 25% of current clamp recordings and was either regular or 31 irregular in both zones. Firing was abolished when extracellular choline replaced Na + , but 32 persisted when hair cell mechanotransduction channels or calyx AMPA receptors were blocked. 33
This suggests that ion channels intrinsic to the calyx can generate spontaneous firing. In 34 response to depolarizing voltage steps, outward K + currents were observed at potentials above -35 60 mV. K + currents in PZ calyces showed significantly more inactivation than currents in CZ 36 calyces. Underlying K + channel populations contributing to these differences were investigated. 37
The KCNQ channel blocker XE991 dihydrochloride blocked a slowly activating, sustained 38 outward current in both PZ and CZ calyces, indicating the presence of KCNQ channels. Mean 39 reduction was greatest in PZ calyces. XE991 also reduced action potential firing frequency in 40 CZ and PZ calyces and broadened mean action potential width. The K + channel blocker 4-41 aminopyridine (10 -50 µM) blocked rapidly activating, moderately inactivating currents that 42 were more prevalent in PZ calyces. Alpha-dendrotoxin, a selective blocker of Kv1 channels, 43 reduced outward currents in CZ calyces but not in PZ calyces. Regional variations in K + 44 conductances may contribute to different firing responses in calyx afferents. 45
INTRODUCTION 47
The vestibular system senses acceleration and gives rise to the sense of balance. Each 48 vestibule contains a utricle, a saccule and three semicircular canals. Together these end organs 49 signal information to the central nervous system. Two types of mechanically-sensitive sensory 50 hair cell are present in mammalian vestibular neuroepithelia. Type I vestibular hair cells are 51 almost completely engulfed by an afferent calyx nerve ending, whereas type II hair cells make 52 synapses with smaller afferent boutons. Calyx-bearing afferents form two classes: pure calyx 53 afferents which terminate on type I hair cells only and dimorphic afferents which branch to form 54 both calyx and bouton endings. Type I hair cells and their calyx terminals are unique to amniote 55 species (mammals, birds and reptiles) and constitute about half of the total number of hair cells 56 unguiculatus) between the ages of postnatal day (P)17 and P33 were obtained from an in-house 103 breeding colony. Gerbils were deeply anesthetized with an intraperitoneal injection of ketamine 104 (70 mg/kg) and xylazine (3 mg/kg) mixed in normal saline. Following decapitation, the brain wasremoved to expose the vestibular labyrinth and the semicircular canal sensory organs, the 106 ampullae, were extracted from the bony canals. 107
Crista Slices 108
Ampullae were incubated for 10 minutes at 37ºC in a high Mg 2+ /low Ca 2+ solution 109 containing (in mM): NaCl (135), KCl (5), MgCl 2 (10), CaCl 2 (0.02), HEPES (10) and D-glucose 110 (3), pH 7.4 with NaOH and osmolality 300-305 mmol/kg. Ampullae were then transferred to 111
Leibovitz's L-15 medium, pH 7.4-7.45, osmolality 300-305 mmol/kg (distilled water) with 0.5 112 mg/ml bovine serum albumin (BSA) for a minimum of 50 minutes at room temperature (21 -113 24ºC Molecular Devices, Sunnyvale, CA). Clampex software pClamp (v8 or 10) was used for data 159 acquisition and analysis. Data were low-pass filtered online at 2 or 5 kHz and sampled between 160 5 and 20 kHz, depending on the protocol used. Open-tip patch pipette resistance ranged from 2 161 to 7 MΩ. A wide tip cleaning pipette was used to siphon cells from the surface of the slice prior 162 to advancing the patch pipette. Gigaohm seals were made onto the outer face of the calyx and 163 electrode capacitance transients minimized before the whole cell configuration was achieved. applied by local perfusion using a peristaltic pump (0.5-1.0 ml/min) in most experiments and by 181 rapid replacement of bath solution using a transfer pipette in a few experiments. In mostexperiments, cells were perfused continuously with L-15 for a minimum of 5 minutes at a rate of 183 0.5-1 ml/minute prior to drug application. 184
Data analysis 185
Data were analyzed using pClamp 8 and 10 (Molecular Devices) and Sigmaplot 8 and11 186
(Systat Software, San Jose, CA). Action potentials (magnitudes ≥ 40 mV, measured from peak 187 of action potential to trough of afterhyperpolarization potential) were analyzed using 188
MiniAnalysis software (v 6.0.3, Synaptosoft, Decatur, GA, USA). We defined cells as firing 189 Firing was abolished when choline replaced Na + in the external solution in 2 cells, 239
indicating Na + channels are required for action potential generation ( Fig. 2A) . However, action 240 potentials persisted in streptomycin (Fig. 2B) , at a concentration (0.5 mM) that blocks hair cell 241 apical mechanotransduction channels (Marcotti et al. 2005 ). The persistence of firing in the 242 presence of streptomycin suggests that calyceal ion channels play a role in generating action 243 potentials. NBQX, an AMPA receptor antagonist, abolished excitatory postsynaptic currents 244 (EPSCs) when applied to 1 CZ and 2 PZ calyces (Fig. 3A) , but did not prevent firing (Fig. 3B) , 245
confirming that spontaneous firing can occur independently of synaptic transmission. Firing 246 decreased from a mean of 24 ± 7.0 Hz in the control condition to 21.4 ± 6.7 Hz in the presence 247 of 20 µM NBQX (n = 3, difference not significant). 248 between individual action potentials, the ISI, was more uniform, resulting in tighter ISI clustering 255 (Fig. 4B) . Firing pattern was more irregular in the second calyx (Fig. 4C) , giving a greater ISI 256 spread (Fig. 4D) . The coefficient of variation (CV) was calculated as CV = σ/( ) where σ 257 is the standard deviation of the mean ISI (Fig. 4E) . Although three PZ calyces had the most 258 regular firing pattern and the smallest CV, calyces from both regions showed a similar range of 259 firing patterns (Fig. 4E) . Four calyx terminals (3 PZ and 1 CZ) had highly regular firing (CV < 260 0.1), 4 (3 PZ and 1 CZ) had a highly irregular firing pattern (CV > 0.5) and 12 (5 PZ and 7 CZ) 261 were intermediate (CV from 0.1 to 0.5). Mean CV in PZ calyces was similar to the mean CV in 262 CZ (Table 1) . 263 Firing frequency ranged from 1.3 to 63 Hz (Fig. 4F ) with a mean of 17.4 ± 3.4 Hz (n = 267 10) in CZ and 16.6 ± 4.0 Hz (n = 19) in PZ terminals. When both zones were considered, firing 268 rate averaged 16.8 ± 2.9 spikes/s (n = 29). 269
Inactivation of voltage-dependent outward K + currents varies with zone 270 271
We previously reported that outward K + currents in isolated calyces varied considerably 272 in their inactivation properties, but the original location of each calyx within the crista was 273 unknown (Dhawan et al. 2010). To investigate zonal differences in outward K + currents, whole 274 cell voltage clamp recordings were made from PZ and CZ calyx terminals in the slice (n = 65), 275 cut end (n = 19) and dissociated PZ (n = 15) preparations. PZ recordings from the semi-intact 276 and dissociated preparations were similar and data were pooled. Zero-current potential was 277 similar in PZ and CZ calyx terminals (-58.4 ± 2.3 in CZ, n = 10; -55.6 ± 1.1 in PZ, n = 38; 278 difference not significant). In response to a standard voltage protocol, which included a 279 hyperpolarizing step to remove channel inactivation, depolarizing voltage steps activated rapid 280 inward Na + currents and sustained outward K + currents ( (Fig. 5A, B and C) . Peak outward current ranged from 231 pA to 5561 pA in PZ calyces 285 (mean 2233 ± 178 pA, n = 66) and from 1090 pA to 8240 pA in CZ calyces (mean 2924 ± 231 286 pA, n = 33). Representative currents in a PZ and a CZ calyx from the crista slice indicate 287 greater time-dependent inactivation of the outward current in the PZ calyx (Fig. 5A ). Currents at 288 peak and at the end of the 40 ms voltage step to +21 mV were measured to calculate percent 289 inactivation (Fig. 5D) . Median inactivation was significantly greater in PZ calyces (9.4%, n = 66) 290 than in CZ calyces (4.2%, n = 33; P < 0.001, Mann-Whitney Rank Sum Test; Table 1 ). The 291 difference in inactivation suggests that there is zonal variation in the relative contribution of 292 inactivating and sustained outward K + currents. The median peak amplitude of the outward K + 293 current was significantly greater in CZ calyx terminals (2788 pA; n = 33) compared to PZ 294 terminals (1943 pA; n = 66, P < 0.05, Mann-Whitney Rank Sum Test). Median peak inward Na + 295 current amplitude was also significantly greater in CZ calyces (-1618 pA, n = 33) compared to -296 1303 pA in PZ calyces (n = 66, P < 0.05). In a subset of calyces whole cell capacitance was 297 estimated at 8.1 ± 2.3 pF (n = 6) in CZ and 6.2 ± 0.7 pF in PZ cells (n = 13), which may account 298
for the larger mean current values in CZ calyces. This is also consistent with the greater 299 number of complex calyces (i.e. calyces containing more than one type I hair cell) in crista CZ 300 
Contribution of KCNQ Channels to Outward Current 310
We previously identified two voltage-dependent outward K + currents in isolated calyx 311 terminals, a slowly activating TEA-sensitive current that showed no inactivation during a 40 ms 312 depolarizing test pulse and a rapidly activating and inactivating current blocked by 4-AP 313 and Streeter 2006). We therefore used KCNQ channel modulators to study regional variationsin KCNQ channels in calyces. XE991, which blocks KCNQ1-5, consistently reduced a portion of 318 the outward current in calyces. Fig. 6A , B shows a reversible reduction of outward current in a 319 central calyx in response to 20 µM XE991. The XE991-sensitive current was slow to activate 320 and showed no inactivation during the 40 ms step. The current voltage plot (Fig. 6B) shows the 321 effect of XE991 on the same calyx at a range of voltages. The percent block by XE991 was 322 significantly greater in PZ cells (31.4 ± 3.6 %, n = 10) compared to CZ cells (17.6 ± 3.3 %, n = 8, 323 p < 0.05, t-test) (Fig. 6C) . 
KCNQ5 subunits in centrally-located calyces. 338
To probe the role of KCNQ currents in shaping action potential firing, we recorded 339 spontaneous action potentials in 6 calyx terminals, 3 CZ and 3 PZ, before and after application 340 of 20 µM XE991. Firing frequency decreased markedly in the presence of XE991 in all cells as 341 shown for the example in Fig. 7A . Overall, XE991 decreased firing frequency in CZ and PZ 342 terminals by 63% of the control mean (Fig. 7B ). When KCNQ current was blocked with XE991,repolarization of the action potential was slowed (Fig. 7C) . Spike half width increased 344 significantly from a median of 1.5 ms to 1.9 ms (n = 6, 3 CZ and 3 PZ; P < 0.05, Wilcoxon 345 Signed Rank Test). KCNQ channels therefore contribute to outward K + currents and enhance 346 firing frequency in both CZ and PZ calyx terminals. 347
Fig. 7 near here 348 349

Regional variation in 4-AP-sensitive K + currents 350
We investigated 4-AP-sensitive currents in CZ and PZ calyces using a range of 4-AP 351 concentrations. Application of 4-AP reduced current in all cells tested, but the nature of the 352 blocked current varied between cells. The effect of 10 µM 4-AP on a PZ calyx is shown in Fig.  353 8A and B. The blocked current first activated above -50 mV and showed rapid activation and 354 moderate inactivation (Fig. 8A, B) . At 10-50 µM, 4-AP blocked 35.0 ± 4.2% of outward current in 355 PZ calyces at the end of a 40 ms pulse (n = 7), which was significantly greater than the block in 356 CZ calyces (21.0 ± 3.8 %, n = 6, P < 0.05, t-test) (Fig. 8C) . In a subset of cells (4/7 PZ and 3/6 357 CZ calyces), 4-AP also reduced a rapidly activating, rapidly inactivating current at 358 concentrations as low as 10 µM (not shown). 359 The effect of a higher concentration of 4-AP (0.25 mM) on a CZ calyx is shown in Fig. 9 . 362
In this cell 4-AP blocked a rapidly activating, rapidly inactivating current in addition to a slower 363 current (Fig. 9A) . Current measured at the end of the 40 ms step was reduced by 64%. Firing 364 frequency and action potential amplitude were greatly reduced in the presence of 0.25 mM 4-AP 365 (Fig. 9C) . Action potential half-width increased significantly from 1.7 ms to 11.8 ms (mean of 3 366 evoked action potentials in control and after 0.25 mM 4-AP, P < 0.001, paired t-test, not shown). 367 to calyx terminals in crista slices (Fig. 10) . In CZ calyces, α-DTX reduced current amplitude by 378 12.8 ± 0.3% (n = 6). The blocked current was rapidly activating, did not inactivate (Fig. 10A) and 379 activated at potentials above -60 mV (Fig. 9B ). Of the 6 CZ calyx terminals tested, 2 fired 380 spontaneously and 2 produced evoked action potentials in response to hyperpolarizing current 381 pulses in most recordings. In the presence of 100 nM α-DTX, firing rate increased in both 382 spontaneously firing calyces (from 1.3 Hz to 5 Hz and from 20.7 Hz to 22 Hz). In the 2 non-383 spontaneously firing calyces, evoked action potentials were often followed by a second or third 384 action potential in the presence of 100 nM α-DTX (Fig. 10C) . α-DTX blocked a much greater 385 component of outward current in CZ calyces compared to PZ (Table 1) suggesting α-DTX-386 sensitive Kv1-containing channels are functionally relevant in CZ calyces only. 387 
Fig. 9 near here 368
An α-DTX-sensitive current is present in CZ calyces
Crista Slice 390
We describe a new in vitro crista slice preparation that allows regional recordings from 391 vestibular nerve calyx terminals of the mature rodent crista and could also be used to study 392 zonal differences in hair cell properties and synaptic responses. We recorded voltage-393 dependent outward K + currents in centrally-and peripherally-located calyces and found 394 significant differences in inactivation kinetics between zones. Peak outward K + currents and 395 inward Na + currents were on average larger in CZ calyces, which also had larger capacitance 396 values than PZ calyces. This is likely due to the prevalence of complex multicalyces in central 397 firing, perhaps due to the young age of the preparation (P1-9) and the presence of a large I LV 517 (Songer and Eatock 2013). We did not observe a prominent I LV in our calyx recordings, but an α-518 DTX-sensitive current was found in CZ cells supporting the presence of K V 1 channels. We also 519 observed an increase in firing in CZ calyces following α-DTX application suggesting that there 520 may be a class of phasic CZ calyces that express a sustained I LV and do not fire continuously. staining was heaviest in CZ calyces. KCNQ4 was present at lower levels on the outer face of 538 the calyx and at the hemi-node of calyx-only terminals. Inner face KCNQ5 staining was found in 539 calyces that formed dimorphic afferents, but was lacking in central calretinin-containing afferents 540 (Lysakowski et al. 2011). KCNQ5 staining was further reported to be predominant in calyces in 541 extrastriola regions of the utricle and peripheral zones of the crista (Spitzmaul et al. 2013) . 542 KCNQ2 staining was also found on the inner face of calyces, but did not vary with zone or 543 afferent type, whereas KCNQ3 staining was found only on the calyx outer face and at the 544 heminodes of dimorphic fibers (Lysakowski et al. 2011) . 545
We investigated regional differences in KCNQ-mediated currents using diclofenac, which 546 enhances KCNQ2/3 and KCNQ4 currents, but inhibits KCNQ5 currents (Brueggemann et al. calretinin-containing calyx terminals with hair cells expressing K(Ca) channels also begs further 563 investigation. A rapidly activating and rapidly inactivating current was blocked by 4-AP in a sub-564 population of PZ and CZ calyces in this study. We did not investigate this current further, but 565 based on its rapid kinetics it may be a Kv3-mediated current sensitive to the sea anemone toxin 566 
2010). 568
In summary we found that Kv1 and KCNQ channels mediate outward currents in 569 vestibular calyx terminals. An additional 4-AP-sensitive calyceal K + current was found whose 570 molecular identity awaits further determination. Differences in expression levels of these 571 conductances contribute to regional variations in K + current kinetics. The newly developed 572 rodent crista slice will allow further zonal evaluation of the roles of different types of Na 
